7. X-ray absorption near-edge structure (XANES) S9
8. X-ray Photoelectron Spectroscopy (XPS) S11 9. CO Hydrogenation S13 S3 catalyst and 85 mg silica (40-60 mesh) inorder to control the CO 2 conversion. The testing condition was same to the process above. The gas products were analyzed online using a gas chromatography (GC, Agilent 7890B), equipped with a flame ionization detector (FID) and a thermal conductivity detector (TCD). Control experiments were performed using a blank reactor and 100 mg quartz sand at 673 K.
Both cases showed little activity, indicating that the gas-phase reaction and quartz sand will not strongly affect the reaction.
The steady-state conversion (X), turnover frequency (TOF), yield (Y), and selectivity (S) are defined as: 
TEM

S6
The morphologies and particle size distributions of the fresh and spent catalysts were 
XRD
The ex-situ and in-situ high-resolution synchrotron X-ray diffraction (XRD) patterns were collected at beamline 17-BM with a wavelength of 0.24128 Å at the advanced photon source (APS) at Argonne National Lab (ANL). For the ex-situ experiments, S7 the samples were loaded into a polyimide tubing (inner diameter 0.9 mm). For the insitu experiments, an amorphous silica capillary (inner diameter 0.9 mm) with samples inside was mounted to a flow cell setup, as described in detail in previous work. 2, 3 During the measurement, a gaseous mixture of CO 2 , H 2 , and He with a volume ratio of 1/2/2 was passed through the capillary at a total flow rate of 10 mL min -1 . The temperature was increased from 300 to 673 K at a rate of 20 K min -1 and then held at 673 K for 40 min. After that, the CO 2 was cut off to leave H 2 (4.0 mL min -1 ) and He The reduction curves of the catalysts are shown in Fig. S6 . For LaNiO 3 , the reduction proceeds with a sequence of Ni 3+ to Ni 2+ and Ni 2+ to metallic Ni. [11] [12] [13] [14] The multiple reduction peaks are overlapping with each other in the lower temperature range (300-673 K) and higher temperature range (673-800 K), and LaNiO 2.5 and La 2 NiO 4 are generally regarded as the intermediates. [11] [12] [13] [14] The reduction curve of LaFeO 3 displays a wide reduction peak starting from 920 K, which could be assigned to the reduction of Fe 3+ . 14 
X-ray absorption near-edge structure (XANES)
The in-situ XANES spectra of Ni K-edge (8333 eV) were collected at beamline 2-2 of the Stanford Synchrotron Radiation Lightsource (SSRL) in fluorescence mode. About 50 mg catalyst (60-80 mesh) was loaded into a 3 mm o.d. glassy-carbon tube, packed with quartz wool on both sides of the sample. A reaction gas mixture of CO 2 , H 2 , and
He with a ratio of 1/2/2 (10 mL min -1 in total) was introduced into the reactor. After the spectra being collected at 300 K (fresh state), the reactor was heated to 673 K with a ramping rate of 20 K min -1 and hold for 40 min. Then the gas was switched to a reducing atmosphere with H 2 (4 mL min -1 ) and He (6 mL min -1 ) for 30 min. After that, the reactor was cooled down to 300 K. The spectra were also collected at the reaction and reducing conditions. All of the XANES spectra were taken for three scans. To 
XPS
In-situ AP-XPS measurements were performed on a system (SPECS Surface Nano Analysis GmbH, Germany) equipped with Al Kα radiation (hν = 1486.6 eV) to identify the chemical states of surface Ni species. The powder samples were pressed onto an aluminum substrate and then transferred into the chamber. Then a gas mixture (CO 2 /H 2 = 1/2) with a total gas pressure of 10 mTorr was introduced into the chamber.
The samples were heated to 673 K with a heating rate of 20 K min -1 . The XPS spectra of the Ni 3p region with a resolution of 0.1 eV were probed both in the initial state at 300 K and after the temperature was held at 673 K for 30 min. All the binding energies were calibrated by the La 4d 5/2 features with two spin-orbit doublets line located at 101.6 and 104.3 eV. 17 To ensure the quality of the peak fitting, it is assumed that the peak shape and relative intensity ratio (RIR) for Ni 0 , Ni 2+ , and Ni 3+ are the same in both Ni 3p 3/2 and Ni 3p 1/2 . For this purpose, a Shirley background and a combined Lorentzian-Gaussian method are applied; the spin-orbit splitting energy between Ni 3p 3/2 and Ni 3p 1/2 is ∼ 2.0 eV and the RIR value of Ni 3p 3/2 /Ni 3p 1/2 is controlled at ~ 2.0. 18, 19 The fitting results for all the spectra are presented in Table S3 S12 and S4. The peak at 65.5 eV (A), 67.0 eV (C), and 71.0 eV (E) are assigned to the 3p 3/2 peak of Ni 0 , Ni 2+ , and Ni 3+ . The peaks at 67.5 eV (B), 69.0 eV (D), and 73.0 eV (F) are assigned to the 3p 1/2 peak of Ni 0 , Ni 2+ , and Ni 3+ .
Fig. S8
The in-situ AP-XPS spectra of the catalysts. 
CO hydrogenation
The CO + H 2 reaction was used to measure the reactivity between CO and H 2 over the surface of the catalysts in the same reactor but equipped with a quadrupole mass spectrometer as the detector. Firstly, 100 mg catalyst (40-60 mesh) was used to perform the CO 2 +H 2 reaction as described before at 673 K for 30 min to fully activate the catalyst and then cooled down to 300 K. After that, the catalyst was purged by He and the temperature was ramped to 673 K with a rate of 10 K min -1 , simultaneously.
After the reactor was cooled down to 300 K again, the gas mixture (CO/H 2 /Ar = 5/10/25 ml) was fed into the reactor and the reactor was heated to 673 K with a rate of 10 K min -1 . The partial pressures of CO, H 2 , CH 4 , and CO 2 are functions of temperature.
DFT
Density functional theory (DFT) calculations were carried out using the Vienna ab initio simulation package (VASP). 20, 21 The electronic-ion interaction was modeled by the projector augmented wave (PAW) method. 22 The Perdew-Wang-91 (PW91) functional 23 with the generalized gradient approximation was employed to deal with (111), the Hubbard-U method 25 was applied for the d-electrons of Ni atoms. U = 6.45 eV was used for Ni atoms, which has been successfully used in previous works. 24, 26 The adsorption configurations and binding energies of the CO and HCO species were investigated. As shown in Fig. S9 , it is indicated that CO prefers to adsorb at the hollow (fcc and hcp) sites on Ni(111) and
NiO(111) surfaces. For CHO, it binds at the bridge site of Ni(111) and NiO (111) surfaces.
The binding energies (BE) for all intermediates on metal surfaces are calculated as follows:
(5) = E adsorbate + surface -E adsorbate -E surface where E adsorbate+surface is the total energy of the adsorbate together with the surface, E adsorbate is the total energy of the free adsorbate in the gaseous phase, and E surface is the total energy of the surface.
The activation barrier (E a ) is defined as:
where, E(IS) and E(TS) refer to the total energies of the initial and transition states, respectively. S15 
